ZnO nanobelts may grow with their polar axis perpendicular to growth direction. Appropriately heterostructured nanobelts therefore contain hetero-interfaces along the polar axis of ZnO where polarization mismatch may induce electron confinement. These interfaces run along the length of the nanobelts. Such heterostructure nanobelts are grown by molecular beam epitaxy and TEM images confirm the core-shell structure. The effects of shell-growth temperature on nano-heterostructures is investigated using photoluminescence and secondary ion mass spectrometry in a focussed ion-beam microscope with a Ne + as the primary ion beam. We perform low temperature photoluminescence on ensembles of such heterostructures and single nanostructure. We show how single nanobelts have photoluminescence spectra rich in features and attribute these to band misalignment at ZnO/ZnMgO interfaces embedded within nano-heterostructures.
I. INTRODUCTION
Heterostructures in one dimensional (1D) semiconducting nanostructures have been used to enhance their device-relevant properties. These advances include increases in electron mobility 1-3 , improvement of optical properties 4 and embedding of functional devices such as p-i-n junctions within single nanowires 5 . They have also resulted in improvements to device functionality including ultrahigh responsivity photodetectors 6 .
In 1D nano-heterostructures based on ZnO the combination of nanostructures with different crystallographic growth axes and different heterostructure geometries allow, in principle, the properties of these heterostructures to be engineered for functional properties. ZnO nanowires grow along the [0001] crystal axis and ZnO/ZnMgO core-shell and core-multi-shell heterostructures based on nanowires have previously been grown [7] [8] [9] . These heterostructured nanowires showed modified luminescence properties with luminescence peaks arising from both the quantum confined stark effect and quantumwell confinement. Other nanostructures of ZnO, such as ZnO nanobelts 10, 11 , grow along different crystal axes, including with [0001] perpendicular to the nanowire growth axis and different orientations where the polarization is oblique to the growth axis 12 . Therefore, in nanobelt coreshell structures the chemistry will be modulated along different crystal axes to that in nanowires.
This manuscript addresses embedding ZnO/ZnMgO heterointerfaces along the polar [0001] crystal axis which extends the length of the nanostructure. At this interface a two dimensional electron gas may form 13 due to the combination of polarisation and band-gap mismatch between the two materials. Polarization mismatched interfaces have previously been embedded into AlGaN/AlN/GaN nanowires 2 resulting in high mobil-ity electrons confined at these heterointerfaces. Despite their promise for enhanced functional properties the only ZnO nanobelt heterostructures reported to date are biaxial ZnO/ZnS nanobelt heterostructures 14 . ZnO/ZnMgO heterostructure nanobelts have the devicerelevant promise of allowing polarisation-mismatched heterointerfaces, and consequent high-mobility confined electrons, to extend the length of the 1D nanostructure. Additionally, surface strain relief common to 1D nanostructures may allow epitaxial strain occurring at the heterointerface to be relieved and the enhancement of properties beyond that found in planar geometries. Growing these structures by MBE allows for clean interfaces necessary for high mobility confined electrons and is the technique yielding the best results for these interfaces in thin-films 15 .
In this manuscript we present the growth and investigation of ZnO/ZnMgO core-shell nanobelt heterostructures for the first time. TEM images show the core-shell structure on single nanobelts. We investigate the effects of shell-growth temperature on the resultant nanostructures by photoluminescence (PL) and secondary ion mass spectrometry (SIMS) in a focussed ion-beam (FIB) microscope with Ne + as the primary ion. PL performed on single nano-heterostructures at 4.2 K and show a rich variety of luminescence features.
II. EXPERIMENTAL
ZnO nanobelts were grown at 900 • C on r-plane sapphire by gold-catalysed plasma assisted molecular beam epitaxy as described in Ref. 16 . Nanobelt growth lasts for 90 mins with Zn beam equivalent pressure (BEP) of 4.2×10 −7 mbar. After the nanobelt growth, the sample temperature was reduced to a shell growth temperature, Mg flux of ∼ 3 × 10 −8 mbar was introduced and ZnMgO Page 1 of 7 AUTHOR SUBMITTED MANUSCRIPT -NANO-123241 .R2   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t is grown for 30 mins. The Zn:Mg BEP fluctuates slightly from run to run due to small instabilities in the Mg source at low pressures. Room temperature photoluminescence (PL) was performed using a Renishaw Fluorescence Microscope with excitation using a HeCd laser at 325nm. Single nanobelt PL was performed by dispersing nanobelts on a silicon substrate patterned with a grid of alignment marks, imaging the sample by SEM and mapping nanobelt locations to perform PL. Cryogenic PL was performed also using a HeCd-laser at 325 nm in a self-built P system and epifluorescence microscope with a 50× objective and numerical aperture of 0.42 17 . SIMS was performed on ensembles of heterostructure nanobelts using an ORION NanoFab helium ion microscope (HIM) (ZEISS Peabody, USA) equipped with a SIMS system (LIST, Luxembourg) specifically developed for the HIM 18, 19 . Here we exploit the dual gas-source capability of the high-brightness gas field ion source equipping the HIM and use Ne + instead of He + as the primary ion beam. The advantage of using Ne + primary ions rather than He + ions for performing SIMS is given by the significantly higher sputter yield related to Ne + projectiles (due to their higher mass), resulting in increased SIMS count rates. SIMS is collected in two steps: first, electron images were registered by detecting the secondary electrons emitted from the sample surface scanned by a focused energetic Ne + ion beam (beam energy 20 keV, beam current 3 pA, matrix of 512x512 pixels, counting time per pixel of 50 s). Second, SIMS images were acquired using the Ne + beam (beam energy 20 keV, beam current 3 pA, matrix of 512x512 pixels, counting time per pixel of 2 ms). Bright field TEM was performed by first drop-casting nanobelts onto holey-carbon TEM grids before imaging in an FEI Tecnai G2 F20 TEM equipped with an energy dispersive spectroscopy (EDS) detector (Oxford Instruments) and a Fischione Model 3000 high angle annular dark field (HAADF) detector.
III. DISCUSSION

A. Ensemble Measurements
The effects of temperature on heterostructure growth were investigated by growing a series of samples varying the temperature of the shell growth from 500 • C to 700 • C. Room temperature PL spectra acquired on the samples are shown in Figure 1 together with a plain ZnO sample (i.e. no heterostructure growth) for reference.
The reference ZnO nanobelt sample has only one PL peak at 3.3 eV which is consistent with other reports for room temperature PL performed on ZnO nanostructures. The ZnO peak at 3.3 eV, caused by free-excitons near the band edge (NBE emission) is present for all other nanobelts even after ZnMgO side-wall growth showing that there is a pristine ZnO core present in the sample and that there is limited or no Mg-migration into the ZnO that would induce shifts of the PL peak 20 . Two samples were grown both with shell growth performed at 600 • C and are plot in black and red in Figure 1 . These are referred to as 600R (data plot in red in Figure 1 ) and 600B (data plot in black in Figure 1 ). Sharp peaks in Figure 1 at energies >3.6 eV are artefacts due to filtering of the pump laser.
For all heterostructure samples there is a clear PL signal at energies above the ZnO peak which is not present in the ZnO reference sample. These peaks are caused by the larger band-gap of ZnMgO and we observe that this luminescence peak shows a trend non-monotonic in shell-growth-temperature. For samples with shells grown 500 • C, 550 • C and 600B there is a broad PL peak centred at 3.63 eV. This peak becomes more intense relative to the ZnO peak with increasing shell growth temperature. The increase in intensity is likely due to the higher quality ZnMgO material deposited at a higher growth temperature. For the three samples; 600R and the samples with shell growth performed at 650 • C and 700 • C the ZnMgO peak is a shoulder on the ZnO peak at lower energy than that for the three samples discussed previously. This is particularly interesting for the two samples that were grown at 600 • C which have different energy ZnMgO peaks. Sample 600R has a lower energy ZnMgO PL peak  1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t despite having a slightly higher fractional Mg pressure during shell growth. If the difference to PL peaks were due to fluctuations in the Mg flux the higher Mg flux should give a higher energy ZnMgO peak. We therefore believe that the difference between the two samples is due to fluctuations in growth temperature, where the noted temperature is only a set-point temperature. This shows that there is a cross-over in how heterostructures grow at ∼600 • C. The lower ZnMgO PL peak energy for samples with shells grown at higher energies shows that the Mg concentration in these samples is lower despite them actually having marginally higher fractional Mg fluxes. Zn has a lower boiling point than Mg meaning that at higher temperatures re-evaporation of adsorbed species should actually further increase the relative amount of Mg and thus the energy of the ZnMgO peak in contrast to the observation of a decrease in ZnMgO peak energy with shell growth temperature. SIMS allows the Mg concentration to be mapped on an as-grown sample. This helps to interpret ensem-ble PL spectra as this shows the distribution of Zn-MgO on the sample in the same configuration as the PL measurements are performed. SIMS was performed on two samples, the sample with shells grown at 550 • C (Figure 2 a, b) and 600R (Figure 2 c, d) . Using the intensity-hue-saturation technique 21 , the high resolution secondary electron image and the SIMS map obtained both on the same instrument with the same Ne + primary ion beam are fused to correlate the elemental distribution with the topography (Figure 2 a, c) . The high resolution secondary electron (SE) image is shown alongside the image fusion to clearly show the sample topography (Figure 2 b, d) . Due to the high resolution SIMS map, low counts are collected (particularly from sample 600R), therefore a Gaussian blur of 2 pixel radius has been used to down-sample the SIMS data showing clearer variations in Mg concentration.
The sample with shells grown at 550 • C shows an increased Mg concentration on nanostructures relative to their surroundings as highlighted by the two smaller green boxes in Figure 2 (a, b) . However, there are also large regions with higher Mg concentration which can not be correlated to any nanostructures, for instance the area in the large green box in Figure 2 (a, b) . In contrast the same measurement performed on sample 600R shows increases in Mg concentration on nanostructures (highlighted by green boxes in Figure 2 (c, d) ) and has no large regions of Mg concentration uncorrelated to nanostructures. The maximum Mg concentration, as determined by the maximum SIMS counts, in sample 600R is approximately 5 times lower than that in the sample with shells grown at 550 • C, consistent with the lower energy ZnMgO PL peak from these samples.
These SIMS measurements allow us to relate the change PL spectra at a shell-growth temperature of ∼600 • C to how ZnMgO grows on the sample. At temperatures below this temperature ZnMgO grows both as shells on the nanostructures and in aggregates, uncorrelated to the nanostructures, on the sample. These aggregates are large and have larger Mg concentration than the ZnMgO on surrounding nanostructures shown by the higher count rate of secondary Mg ions. This ZnMgO dominates the PL signal originating from ZnMgO. At shell growth temperatures above 600 • C Mg is no longer deposited in large aggregates on the sample surface and instead is deposited on the surfaces of nanostructures. PL spectra and SIMS maps show that the ZnMgO growing on the nanostructure's sidewalls has lower Mg concentration than that growing in aggregates on the sample. This may occur if the ZnMgO is growing epitaxially, as epitaxial matching may reduce the Mg incorporation due to effects such as strain. We conclude that growth of ZnO/ZnMgO nano-heterostructures should be performed with a shell growth temperature above 600 • C.
Bright field TEM (Figure 2 e,f) resolves 1.8 nm thick shells growing on single nanobelts. These images are taken with 0 • tilt so that the electron beam is normal to the extended nanobelt face as shown schematically in Page 3 of 7 AUTHOR SUBMITTED MANUSCRIPT -NANO-123241 .R2   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t the SI. This imaging configuration means that TEM images show a projection of the nanostructure (which is approximately uniform in thickness) and confirms that there is ZnMgO growth on the polar sidewalls which is noteably the interface relevant for electron confiment.
To confirm the core-shell structure EDS linescans were taken on a similar nanostructure and are shown in the SI. These linescans show that Mg is present in the middle of the nanostructure when viewed from this projection i.e. ZnMgO shells are present on all faces including the nonpolar faces normal to the electron beam in this imaging configuration and not only on the sidewalls, confirming the core-shell structure.
In order to characterize the crystal quality of the different materials temperature dependent PL measurements were performed on ensembles of nanobelts with shells grown at 550 • C (Figure 3 a) and sample 600R where the ZnMgO PL peak is a shoulder to the ZnO peak at room temperature (Figure 3 b) . In both samples, as the temperature decreases, the ZnO peak narrows and shifts to higher energies caused by the Varshni-shift and the transition to donor bound excitons (DX). Furthermore, optical (LO) phonon replicas of the free exciton (FX) appear, two are present in sample 600R and three in the sample with shells grown at 550 • C. The presence of LO phonon replicas is indicative of high crystal quality and therefore indicates higher quality ZnO in the sample with the lower shell growth temperature (see explanation below).
The broad ZnMgO PL peak in the sample with shells grown at 550 • C is present at all measurement temperatures (including room temperature as shown in Figure 1 ). Its intensity relative to the ZnO peak increases slightly at lower temperatures but it remains a broad peak with no fine structure. This is consistent with the picture of random aggregates of ZnMgO from the SIMS data, where ZnMgO aggregates may have different Mg concentrations and have varying crystal quality.
In contrast the ZnMgO peak (arising from shells of heterostructures) for the sample 600R narrows and increases in energy with decreasing temperature. The ZnMgO peak remains broad relative to the ZnO peak even at 4 K, at which it has a central energy of ∼3.49 eV. Despite being broaded than the ZnO peak, it has a well-defined energy implying a narrow spread in Mg concentration across the ZnMgO shells. The band-gap of Zn 1−x Mg x O has previously been determined to depend on the fractional Mg concentration as E g = 3.30 + 2.36 × x 22 . Assuming this relation can be approximately extrapolated to cryogenic temperatures (i.e. the Varshni shift isn't a function of Mg concentration), the shells in sample 600R have Mg concentration of ∼ 5%. If the width of the Zn-MgO peak arises from a spread in the Mg concentration this corresponds to ∼ 1% concentration fluctuations between shells of different nanostructures.
Below 100K a second peak between the ZnO and the ZnMgO appears. At 4K this second peak is located at ∼3.44 eV. The 50 meV spacing between this peak and Energy (eV) the ZnMgO peak is similar to the spacing between the D 0 X and FX -LO peak for ZnO. As the LO phonon energy in ZnMgO is only a weak function of the fractional Mg concentration 23 this peak is determined to be a LO phonon replica of the free exciton in ZnMgO. The measurement of a LO phonon replica of the ZnMgO peak shows that the ZnMgO shells are of a high quality which supports the interpretation of epitaxial shell growth occurring at higher shell growth temperature. This may also explain the observation of the lower ZnO crystal quality in the sample with higher shell growth temperature as the growth of slightly epitaxially mismatched ZnMgO shells may strain the ZnO core. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t
B. Single Nanobelt Measurements
In order to characterize single nanobelts, nanobelts were dispersed onto Si substrates and PL was performed at 4K. SEM images of nanobelts dispersed on these grids are shown in the supplementary materials. Three such PL spectra from single nanobelts are shown in Figure 4 .
Despite all nanobelts coming from the same sample, their individual PL spectra vary significantly. Whilst variation between nanostructures is expected from this randomly-nucleated growth technique, the variation in luminescence features is striking. All nanobelts show a peak from donor bound excitons in ZnO. However, even this peak varies between nanobelts. Nanobelt number two (NB2) has a peak, lacking fine structure and qualitativiely similar to the ensemble measurement in Figure 3 b . Both NB1 and NB3 show fine structure in this peak, including narrow, intense lines. The intense line in each of these samples has a width of only ∼1 meV and occurs at 3.369 eV for NB1, and 3.367 eV for NB3. The fine structure exists on top of a broad peak qualitatively similar to that in NB2 and the ensemble measurements. The small belt-to-belt variation explains why ensemble measurements show smooth peaks with no fine structure as the broad beam averages over many structures, blurring out details.
All nanobelts also have luminescence at energies above the ZnO band-gap with a peak centred at ∼3.48 eV. This lines up well with the relatively broad ZnMgO peak in ensemble measurements and is attributed to excitonic luminescence in ZnMgO. There is some spread in the central energy of this peak between the different nanobelts, implying that there is a spread in Mg concentration in the ZnMgO shells grown on these different nanostructures. The spread in central energy is similar to the breadth of the ZnMgO peak in ensemble measurements supporting the interpretation that the dominant peak broadening mechanism is concentration fluctuations between different nanobelts.
In addition to excitonic peaks the single-nanobeltspectra include phonon replicas. NB1 has two phonon replicas of the free exciton of ZnO as in the ensemble measurements. NB2 also shows phonon replicas, however, the strongest phonon replicas for NB2 are of the donor bound exciton. In the ensemble measurements at 4K there is a low energy shoulder to the FX -LO peak which may be caused by D 0 X -LO transitions, however the relatively low intensity of this peak indicates that this replica is not present in most nanobelts. In addition to D 0 X peaks, NB2 has a weak FX -LO peak. NB3 has numerous peaks that approximately line up with the FX -LO peaks from NB1 and the D 0 X -LO peaks from NB2.
In the PL spectra of single nanobelts there are additional peaks which are not be present in the ensemble measurements and cannot be explained by the luminescence properties of the virgin materials. NB1 has peaks at ∼3.42 eV and ∼3.46 eV, NB2 has a peak at 3.337 eV QCSE? Figure 4 . Single nanobelt PL spectra for nanobelts from 600R collected at 4K with a 3 µW excitation power. Spectra are normalised to the D 0 X peak, offset for clarity and plot with logarithmic counts. The excitation pump has a power density of 95 Wcm −2 . Where the origin of the peak is known it is labelled, other peaks are marked by suggested causes. and the rich spectrum of NB3 has a multitude of these peaks from the lowest energies collected up to 3.44 eV, just below the PL peak from the ZnMgO. While these PL peaks can not be explained by the virgin materials, they occur at energies where luminescence arising due to quantum confinement at interfaces is expected to occur.
The interfaces in these nanostructures may have a variety of band misalignments due to the combination of band-gap mismatch and polarization mismatch along different crystal axes. Solving Poisson's equation shows that along the c-axis [0001], the polarization mismatch and band mismatch have an additive effect, contributing to the same band-offset, along [0001] the polarization and band-gap mismatch counteract one another, whilst in non-polar interfaces there is only a band-offset 24 . All of these interfaces may occur simultaneously within the same heterostructured nanobelt. This is in addition to modifications to band structure from the nanobelt surface such as surface band bending 25 . This explains why PL spectra may be so rich in features and means that definitively interpreting these spectra is extremely challenging.
In order to understand these spectra we consider two additional luminescence processes which may occur at interfaces with band and polarization mismatches and which have previously been observed in ZnO/ZnMgO nanowire heterostructures 8 . These are the quantum confined Stark effect (QCSE) which results in below-gap luminescence and quantum well luminescence which results in above-gap luminescence. In NB1 there is a peak at 3.42 eV and in NB3 there are peaks at 3.40 eV, 3.42 eV and 3.43 eV all of which occur at energies compatible Page 5 of 7 AUTHOR SUBMITTED MANUSCRIPT -NANO-123241 .R2   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t with being caused by quantum well confinement. Likewise the multiple peaks below the ZnO band-gap for NB3 are consistent in energy and intensity with being caused by QCSE with reports of QCSE luminescence at the same interface occurring from 140meV 7 to 40meV 26 below the ZnO peak. Whilst interpreting all details of these spectra remains challenging, they provide some evidence of quantum confinement in these nanobelt heterostructures.
IV. CONCLUSIONS
We have grown ZnO/ZnMgO core-shell nanobelt heterostructures by molecular beam epitaxy as confirmed by bright-field TEM images. Room temperature PL collected on samples as a function of the ZnMgO shellgrowth-temperature show non-monotonic changes in central energy and intensity of the ZnMgO PL peak. This implies a cross-over temperature for shell-growth dynamics. The change in growth modes is supported by high-resolution SIMS imaging obtained with a highly focussed Ne + ion beam performed on ensembles of nanoheterostructures showing ZnMgO preferentially growing on nanostructures at higher temperatures and both growing on nanostructures and aggregating in large regions at lower growth temperatures.
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